Introduction
Metabolic transformation of carotenoids seems not to be a common capability of insects. Biogenesis of new carotenoids from dietary precursors has so far been postulated to occur among Coleoptera 2, Lepidoptera3, and Orthoptera4. Typically, the ketonic pigments echinenone, canthaxanthin, and astaxanthin have been identified as metabolic pro ducts which are formally derived from /^-carotene by oxidation at C-4 or C-3,4 of the end rings; other products are analogous derivatives of lutein.
Willig 5 studying the stick insect, Carausius moro sus, found a red keto carotenoid, which was not identical with a number of known pigments of this type, and which was therefore concluded to be a novel compound. He also reported the presence of predominant amounts of isocryptoxanthin (ß,ß-caroten-4-ol) and isozeaxanthin (/?,/?-carotene-4,4/-diol) in this insect. However, a reexamination, which was stimulated by results on the structure of the novel red pigment, presented evidence that the hydroxy compounds were not the 4-isomers men tioned, but /?,/?-caroten-2-ol and /?,/?-carotene-2,2'-diol 6.
The present paper is focusing on the structure of the major red pigment and other novel compounds, less in quantity, which were discovered during the large-scale isolation of carotenoids from Carausius. A general structural feature of these metabolites is a keto group at C-2, which in the red compounds is conjugated to the polyene chain via an additional 3,4-double bond. Carotenoids of this type have been neither found in nature nor obtained synthetically before. A brief report on the results has been presented recently 7.
Materials and Methods

Insects
Carausius morosus Br. (Phasmidae, Orthopteroidea) was bred in the laboratory on leaves of Hedera helix at 18 °C under a light/dark cycle of 12:12 h. Adult and juvenile instars were used for carotenoid isolation. The viscera were removed prior to lyophilization.
Chromatography of carotenoids
The pigments were extracted and purified by thinlayer chromatography (TLC) as reported in pre ceding papers8-10. This procedure included parti tion TLC on silica gel-G and adsorption TLC on a mixture of CaC03, MgO, and Ca(OH)2. Mixtures of petroleum ether (100 -140 °C) and propanol-2 were used as solvents in both systems; for adsorp tion TLC also petroleum ether, acetone, and chloro form (130 : 25 : 25; v/v/v) were used. For analyt ical purposes precoated layers of polyamide (G 1600; Schleicher & Schüll, Dassel, Germany) were used in addition with petroleum ether (100 -140 °C) and methyl ethyl ketone (5 0 :3 ; v/v) as solvent. Samples for mass spectrometry were finally purified on silica gel 60 HR developed with n-hexane and acetone (120 : 12; v/v) 8.
Chemical reactions
Experimental details on saponification, acetyla tion, acid treatment and hydride reduction have been presented elsewhere8-10.
Spectroscopy
Electronic spectra were recorded on a Zeiss DMR21 spectrometer. For calculation of pigment quantities a specific extinction coefficient of £icm = 2200 was used for all compounds 11. -Infrared spectra were obtained on a Perkin-Elmer 325 spec trometer using KBr discs10. Mass spectrometry was performed at 70 and 12 eV on a Varian MAT CH5 instrument or an AEIMS902S spectrometer using the direct inlet systems. Perfluorokerosene was used as reference.
Reference carotenoids
/?,/?-Carotene-2,2'-diol and /?,/?-caroten-2-ol were isolated from the extracts of stick insects6. -Rhodoxanthin (4,,5,-didehydro-4,5'-retro-ß, ß-carotene-3,3r-dione) was obtained from the red fruits of Taxus baccata12. -Canthaxanthin (/?,^-caro tene-4,4,-dione) was a synthetic product of Hoffmann-La Roche, Basel. -S^^'^'-Tetradehydro-ß,^-carotene was synthesized by N-bromosuccinimide (NBS) treatment of synthetic ß,/5-carotene (Merck) using 3 mol of NBS per mol carotene13. The purified product showed a symmetrical visible absorption maximum at 472 nm in acetone, which is in close agreement with published data (471 nm in hexane resp. light petrol13-15). -3,,4/-Didehydro-/?,/?-caroten-4-one (^max = 470 nm in acetone), which had been produced by the NBS reaction, was reduced with NaBH4 to obtain the corresponding 4-ol, which exhibited an asymmetrical absorption peak at 461 nm in acetone. This is coincident with reported absorption maxima of this chromophore (461-2 nm in hexane or light petrol13-15).
Results
On silica gel-G the carotenoid extract of Carau sius was separated into twelve pigment zones before saponification and into eight fractions after this treatment, indicating the natural occurrence of several esterified carotenoids (Fig. 1) . Two trace pigments were present in addition. The isolated ester fractions were saponified separately to get evidence on the identity of the esterified carotenoids as indicated in Fig. 1 . Two pigments, ß,/2-carotene (/2-carotene; hRf = 80) and ß,£-carotene-3,3r-diol (lutein; h R f = l l ) , have already been identified by W illig5; two others, formerly believed to be ß,ß-caroten-4-ol (isocryptoxanthin) and /?,/?-carotene-4,4r-diol (isozeaxanthin) by the same author, have now shown to be the corresponding 2-ol and 2,2/-diol, respectively 6. Only a low quantity of the diol was referring to the free pigment (hR f= 1 7 ), most of it was present as mono-esters (hRf=31) and, mainly, as diesters (hRf = 53) of fatty acids. Also the 2-ol was predominantly in esterified state (hRf = 56; free pigment hRf = 33). All other carotenoids were novel compounds with keto groups at posi tion^) 0-2(2') of the ß-end rings.
This was the main red fraction of the Carausius carotenoids (hRf = 28). It did not change on sa-ponification. On silica gel-G this pigment was slight ly more polar than canthaxanthin (/?,/?-carotene-4,4 -dione); this difference was more pronounced on the adsorption plate (hRf = 23 and 31, respectively). On polyamide, however, the Carausius pigment was less adsorbed (hRf = 59) than canthaxanthin (hRf = 56) ; rhodoxanthin as a retro carotenoid did not migrate on polyamide16 and was also most strongly adsorbed on the adsorption plate (hR f< 5 ). There fore, the Carausius pigment should not have a retro structure.
The electronic spectrum (Fig. 2 ) exhibited a single symmetrical maximum which was close to that of rhodoxanthin but never showed any fine structure (values for rhodoxanthin in parenthesis): 492 (490) nm in acetone, 492 (494) nm in ethanol, 482 (480) nm in n-hexane, 520 (520) nm in CS2, and 499 (500) nm in benzene. The infrared spectrum of the Carausius caro tenoid (Fig. 3) exhibited a peak at 1655 cm-1 in dicating conjugated carbonyl groups (C = 0 stretch ing) , and, typically, a doublet in the all-trans region at 965 and 972 cm-1 due to C -H out-of plane deformation vibrations of Zrans-disubstituted CH = CH-double bonds. Splitting of this absorp tion, which is normally represented as a singlet for all-trans carotenoids, is reported for retro and some keto carotenoids (cf. 17). Other peaks were common According to the fragment ions, the carotenoid molecule should be symmetrical with oxygen func tions in both end rings; however, since no frag mentation within the end groups themselves could be observed, the exact positions of oxygen atoms remained to be derived from other data. If com pared with cleavage of the 7,8-double bond in canthaxanthin for example (M-151) (c f.18) the fragment lossed from the Carausius pigment con tained two hydrogen atoms less (M-149) ; conse quently, an additional C = C double bond is to be postulated for the end groups of the novel caro tenoid. In the 12 eV spectrum only the molecular ion was observed (m/e 560).
Attempts to acetylate and silylate the red Carau sius carotenoid were both unsuccessful; the pigment was recovered unchanged in both experiments. This negative result on hydroxyl groups is in agreement with the infrared spectrum according to which the presence of conjugated carbonyl groups was sug gested. Reduction of the red pigment with NaBH4 in ethanol or ethanol/methanol (cf. 10) proceeded very quickly within few minutes and yielded one intermediate orangered fraction (/max = 479nm in acetone) and a final product zone orange in colour (ijnax = 469 nm in acetone) when chromatographed on silica gel-G. The depression of hRf-value from 34 to 24 for the fully reduced pigment, which co chromatographed with /5,y5-carotene-2,2,-diol on silica gel-G, suggested the formation of two hy droxyl groups; chemically, this was confirmed by the formation of a diacetate (hRf = 68).
Rechromatography by multiple development of the fully reduced pigment fraction from silica gel-G on the adsorption plate revealed three distinct zones (Figs 5, 6 B) : 1. the redorange lowest zone was most prominent and exhibited a symmetrical elec tronic spectrum with 2max at 471 in acetone; 2. the middle zone was yelloworange with an asymmetrical light absorption maximum at 462 nm in acetone; 3. the upper yellow fraction was low in quantity and showed the typical two-peaked electronic spec trum of ß,/5-carotene (^max = 452, 478 nm in ace tone) . This multiplicity of products was not depen dent on the time of reduction, but, to a certain extent, one the solvent. If the reaction was carried out in ethanol the upper yellow zone could hardly be detected; however, in the presence of methanol (cf. 10) the formation of the upper and medium fractions was favoured.
Regarding the main reduction product its elec tronic spectrum agreed exactly with that of synthetic 18 , which in the pigment under investiga tion should have been formed from the 3,4-didehydro-2-ol end rings by elimination of the allylic hydroxyls and migration of one of the methyl groups at C-l (1").
As to the medium product its asymmetrical ab sorption spectrum (/max = 462 nm) coincided with that of authentic 3,4-didehydro-/?,/2-carotene (see Methods). The native pigment, therefore, should be 3,4-didehydro-/?,/?-carotene-2,2r-dione. After hydride reduction the molecular weight is 566. In the mass spectrum (70 eV, 180 °C) of the reduced com pound no molecular ion was found but a strong peak at m/e 548 corresponding to a M-18 frag ment. Extrusions of toluene and xylene gave rise to peaks at m/e 456 (M-18-92) and 442 (M-18-106). In analogy to the compound discussed above dehydration should have taken place in that end ring with the hydroxyl in allylic position to the additional double bond a C-3,4. In agreement with this a fragment ion at m/e 415 (M-18-133) was observed which resulted from elimination of an aromatic end ring caused by cleavage of the 7,8-bond; the m/e 133 peak was present, too. As ex pected the corresponding rupture of the 7,,8,-bond was observed at m/e 395 (M-18-153) due to loss of a monohydroxylated /?-end ring. Also the 12 eV spectrum did not show the true molecular ion ex pected at m/e 566 but a prominent M-18 fragment, suggesting that dehydration resulted from thermal degradation and not from electron impact.
The upper yellow reduction product (cf. Figs 5, 6B) with the chromophoric system of /?,^-carotene was identical with ß,^-carotene-2,2r-diol on the ad sorption plate.
According to the number of allylic hydroxyl groups in the main reduction product 3,4,3,,4/-tetradehydro-2,2r-diol this compound was easily converted into a diether in acidic ethanol; 3,4-didehydro-2,2r-diol yielded only a mono-ether (cf. 20) as judged from the relative increments of Rf-values and from unchanged electronic spectra.
Since the red Carausius carotenoid had been highly purified by multiple development in the ad sorption system (see below) all three final reduc tion products should be derived from 3,4,3/,4/-tetradehydro-/?,/?-carotene-2,2 -dione. This was further established by half-reduction with NaBH4 in ethanol (Fig. 7) . The transient zone, corresponding to formation of one hydroxyl only, was isolated from silica gel-G. Adsorption chromatography of this zone yielded two products: the lower one exhibited a symmetrical absorption spectrum with 2max = 482 nm in acetone and corresponded to 2/-hydroxy-3,4,3/,4,-tetradehydro-y5,/?-caroten-2-one; the less ad sorbed pigment, low in quantity, showed an asym metrical peak at 475 nm in acetone and was as signed to 2,-hydroxy-3,4-didehydro-/?,/?-caroten-2-one. The 482 nm-pigment was further hydride re duced and subsequently subjected to adsorption Figs 1, 9 ). TLC. Two products (Fig. 7) , roughly equal in quantity, were found showing / max at 472 and 462 nm (acetone), respectively, which co-chromatographed with the corresponding reduction products discussed above. This means, that actually one 3,4-double bond was hydrogenated during hydride re duction. Since the reduced dehydro products were not changed when further treated with NaBH4 , hy drogenation of the C = C-double bond seems to be closely connected with the reduction of the con jugated carbonyl group.
Conclusively, results of hydride reduction ex periments should be very carefully interpreted in those keto carotenoids under investigation. The two diketones corresponding to both additional reduc tion products of the red Carausius pigment could be isolated, too, but were already separated from the tetradehydro compound on silica gel-G (cf. Fig. 1 ). Only one minor zone, obviously a cis isomer of the tetradehydro-dione, could be separated from the main pigment fraction by multiple development as a result of its slightly reduced adsorption. The elec tronic spectrum was blue-shifted to Amax = 484 nm in acetone. While standing in solution the isomer was partly converted to the all-trans compound. On reduction, additionally to the known products ( x m ax = 471 and 461 nm, respectively) the corresponding cis-isomers could be discerned due to their increased polarity (Amax = 466 and 457 nm, respectively, in acetone). 
2'-Hydroxy-3,4-didehydro-ß,ß-caroten-2-one (VIII)
This red carotenoid was a minor fraction which, according to saponification results, mainly occurred as a mono-ester (hRf = 39; Fig. 1 ). The free pig ment present in low amounts in the original extract (hRf = 21) ran between the tetradehydro-dione and 2,2'-diol suggesting the presence of one hydroxyl and one carbonyl group. After purification by ad sorption TLC of the saponified pigment one sym metrical absorption maximum was found at 474 -476 nm in acetone (Fig. 2) .
The native ester was investigated by mass spec trometry (a minor zone was separated by adsorp tion TLC of the silica gel-G fraction). A prominent molecular ion (Fig. 8) The hydride reduction product of the free caro tenoid behaved similar to /?,/?-carotene-2,2r-diol on silica gel-G. On adsorption TLC two fractions were obtained which co-chromatographed with the two side-products of reduced tetradehydro-dione (Fig.  6B ) and exhibited also spectral identity with those: the main product had an asymmetrical peak at 462 nm in acetone, the minor fraction showed a /5-carotene-chromophore with /lmax at 452 nm and behaved identical to 2,2/-diol. Obviously, this minor product was a result of 3,4-hydrogenation in the course of reduction of the conjugated carbonyl group.
Consequently, the structure of this red pigment was assigned to 2 -hydroxy-3,4-didehydro-/?,/?-caroten-2-one, which, artificially, could be produced as a side-product during half-reduction of the tetradehydro-dione (cf . Fig. 7) ; the electronic spectra of both compounds were identical (^max = 475 nm in acetone).
3,4-Didehydro-ß,ß-carotene-2,2'-dione (VII)
On overloaded silica gel-G chromatograms this minor red carotenoid (hRf = 30) was completely masked by the mono-ester fraction of 2,2/-diol. Purification was easily performed by acetylation of the contaminating hydroxylated pigments. The chromatographic properties of this red carotenoid were not affected by the procedure. It behaved less polar than tetradehydro-dione in both systems ( Figs  1, 6 A ) .
The electronic spectrum coincided with that of 2/-hydroxy-3,4-didehydro-2-one (/max = 475 nm in acetone) demonstrating identical chromophoric sys tems. Furthermore, the products of hydride reduc tion were identical in both pigments when compared on silica gel-G and on the adsorption layer (Fig.  6B ) . Their electronic spectra were superimposable, too: the main product with an asymmetrical peak at 462 nm, and the minor compound, less adsorbed, with a /^-carotene-type spectrum (Amax = 451 nm ). Due to lade of material no mass spectrum could be recorded. Nevertheless, the structure of 3,4-didehydro-/9,/5-carotene-2,2,-dione was evident.
2'-Hydroxy-ß,ß-caroten-2-one (V)
Upon saponification the native yellow fraction (hRf = 45) yielded -without any intermediatea more polar product (hRf = 26; Fig. 1 ), which be haved slightly more polar than the tetradehydrodione on silica gel-G but less polar on silica gel 60 HR; the latter behaviour was more pronounced on the adsorption plate (Fig. 6 A ) . The saponified product yielded a mono-acetate, which ran below the native fraction suggesting a long chain fatty acid in the naturally esterified pigment.
The electronic spectrum demonstrated the chro mophoric system of ß,/2-carotene with maxima at 450 and 477 nm in acetone (% 111/11 = 17). Mass spectrometry (70 eV; 185 °C) revealed a strong molecular ion at m/e 566.4141 corresponding to C40H54O2 (ealed 566.4122). This was the only ion in the 12 eV spectrum. Common fragmentations were observed at m/e 474 (M-92) and 460 (M-106); the ratio of toluene to xylene elimination (3.6) was in agreement with nine double bonds in the polyene chain 19 .
From the molecular weight a didehydro deriva tive of yö,/9-carotene-2,2/-diol was suggested. Since one oxygen function is a hydroxyl group, as estab lished chemically, the second one should be a car bonyl function. This was confirmed by hydride re duction which yielded a more polar product identi cal with the 2,2/-diol on adsorption TLC (Fig. 6 B ) . The native compound, therefore, is 2/-hydroxy-/?,/?-caroten-2-one.
Recently, a specific reaction of /?,/?-caroten-2-ol and /?,/5-carotene-2,2/-diol in acidic solution was found leading to keto products with reZro-shifted polyene systems6 > 10,21. It was interesting to test the reaction of the compound under investigation. However, treatment with 0.1 M BF3-etherate in chloroform (30 min in air) yielded a variety of yel low and red products, most of them being more polar than the original carotenoid on silica gel-G. One of them exhibited the same reiro-shaped elec tronic spectrum Umax = 419, 443, 472 nm in ace tone) as the final product of the diol (cf. 6), but was quite different on TLC. This indicates, that reactivity in both end rings is required for this specific conversion.
ß,ß-Caroten-2-one (II) and ß,ß-Carotene-2,2'-dione (IV) These two compounds were trace pigments, which could only be isolated from large-scale preparations. The 2-one was found between the diesters of 2,2 -diol and the ester of 2/-hydroxy-2-one (hRf approx. 50). The electronic spectrum was /?-typed (/max = 450). Hydride reduction revealed a product which co-chromatographed with /?,/?-caroten-2-ol on silica gel-G. The 2,2/-dione is, up to now, very tentatively identified by its expected relative mobility (hRf approx. 35) and yellow colour. The traces available were not sufficient for reduction experiments.
Discussion
The 2-keto carotenoids isolated from Carausius have been neither isolated from a biological source nor synthesized by chemical methods before. So it was quite surprising to find pigments of this type in an insect, since animals, generally, are known to be not as good carotenoid chemists as plants or bacteria (cf. 22) .
All ketonic and hydroxylated derivatives of ß-carotene isolated from Carausius are actually bio synthesized in this insect as shown by feeding labelled /9-carotene23. Recently, the transformation of carotenoids by insects has been demonstrated by tracer experiments for the first time 24. Apart from low amounts of lutein, /9-carotene used as precursor is selectively absorbed by the insect from a variety of carotenoids present in the food5. The question arises in which sequence the various pigments are synthesized in Carausius. When in an organism both hydroxy and keto carotenoids of the same sub stitution type are found, the proposed pathway com monly involves the hydroxy compounds as inter mediates in the formation of the keto pigments from the carotene precursor (cf. e. g. 25> 26) . This seems to be reasonable from a chemical view and is also accepted for Carausius. However, according to the pathway tentatively proposed for the carotenoid metabolism in the stick insect as shown in Fig. 9 , the product of the hydroxylation step should occur only as a transient state within the enzyme complex and not been liberated; immediately, the hydroxy compound is dehydrogenated to the corresponding ketone as suggested by Davies et a l. 27 for the metabolism of /9-carotene in the brine shrimp Artemia. The hydroxylated carotenoids in Carausius, present in relative large amounts, are suggested to be reduction products of the ketones and, conse quently, should not serve as precursors of the tetradehydro-dione IX as the predominant red meta bolite. So the hydroxy compounds appear as side products, and this could explain their accumulation and esterification with fatty acids. According to previous studies8' 28 hydroxylated carotenoids are predominantly bound to polyunsaturated fatty acids, which are essential factors for development, sug-O H , * -0 3 .
ESTERS
-t r i r 0- Fig. 9 . Proposed pathway of carotenoid metabolism in C. morosus (cf. Fig. 1). gesting a storage function for the esters in lipid metabolism. In the only ester studied in Carausius a 18:2 fatty acid was found, which confirms this view.
The proposed metabolic pathway (Fig. 9 ) further accounts for the fact, that ß,^-carotene-2,2'-diol (VI) is the main carotenoid in the stick insect (cf. 5) ; the 3,4-didehydro pigments V II and V III including the end product IX are present in lower amounts, indicating that introduction of this C = C double bond takes place to a minor extent than reduction of a keto group. The trace amounts of the ketones II and IV are fitting well into this scheme; since they serve as precursors in two types of reactions, dehydrogenation and reduction (hy drogenation), rapid turnover rates and small pool sizes are expected. Compounds with 3,4-didehydro-2-ol end rings could not be detected in Carausius suggesting that dehydrogenation of the C -C bond does not occur in hydroxylated rings, and that con jugated keto groups are not reduced to hydroxyls.
Generally, though still a hypothetical scheme, the proposed carotenoid pathway properly explains quantitative and qualitative data on the Carausius carotenoids including labelling results so far ob tained 23. This is in contrast to an alternative pos sible pathway which is based on the assumption that the hydroxy pigments are converted to ketones. This view, commonly held in the carotenoid field, can not be ruled out in Carausius presently. A detailed study with labelled /5-carotene, now under way, will bring final evidence on the mechanism of carotenoid transformation in the stick insect.
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